the seven yeast species are, thus, reasonable and of the sort that any evolutionary biologist might make. Accurate inference of evolutionary processes from molecular sequences also relies on the compared sequences being orthologous. However, correct identification of orthologous sequences is not trivial because current alignment algorithms do not evaluate homology and will align sequences regardless of proper evolutionary relationships. We combined two earlier data sets of previously identified orthologous open reading frames (ORFs) from studies on the comparative genomics analysis of yeast (3, 4) . The orthologs identified from the Kellis et al. (4) study were used for species that overlapped between the two studies (S. mikatae and S. bayanus), and only those ORFs for which all seven species contained a detected orthologous sequence were included in the analysis. Overall, we considered a total of 1502 sets of orthologous gene sequences.
For each orthologous gene set, we applied seven different alignment programs-Clustal W, Muscle, T-Coffee, Dialign 2, Mafft, Dca, and ProbCons (5-11)-aligning data by amino acid sequence under default program settings and using the aligned amino acid sequences to construct nucleotide alignments. From this intensive undertaking, we produced a table of 1502 × 7 alignments. Alignments were then subjected to several statistical analyses of the sort that an evolutionary biologist might apply; specifically, we estimated the phylogeny using maximum likelihood under the GTR+G model of DNA substitution and the number of positively selected sites for each alignment (1) .
Estimates of phylogeny and inferences of positive selection were sensitive to alignment treatment. Confirming previous studies showing that alignment method has a considerable effect on tree topology (12) (13) (14) , we found that 46.2% of the 1502 ORFs had one or more differing trees depending on the alignment procedure used. The number of unique trees outputted for each ORF varied from one to six, and the average symmetric-difference distance (15) between trees for each ORF ranged from 0 to 6.67 (for trees of seven species, the maximum possible value is eight). Figure 1 shows a case in which alignments produced by the seven different alignment programs resulted in six different estimates of phylogeny. In general, phylogenies estimated from different alignments for an ORF were more concordant when the alignments were similar. Figure 2A shows a strong positive relation between a measure of variability in alignments across alignment treatments and the average topological distance between estimated trees (15) . The support for the maximum-likelihood trees, measured by the nonparametric bootstrap, was generally lower when alignments were dissimilar across treatments (Fig. 2B) . One does not usually find strongly supported, but conflicting, phylogenies produced by different alignment treatments.
Previous studies on the effects produced by different alignment methods focused on tree topology. Yet, other commonly estimated evolutionary parameters, such as substitution rates and the frequency of positively selected sites, are also alignment dependent. To examine if variable alignments for an ORF affect the inference of these parameters, we estimated the synonymous (d S ) and nonsynonymous (d N ) substitution rates for each gene and inferred sites under positive selection using Paml, under the M2 model with (initially) a threshold of 0.5 for inferring a site to be under positive selection (1) . Overall estimates of substitution rates did not differ significantly among alignment treatments (Kruskal-Wallis test: d N , P = 0.59; d S , P = 0.08; d N /d S , P = 0.51), and for most ORFs none of the sites were inferred as under positive selection, regardless of the alignment treatment (1032 ORFs). However, of the remaining 470 ORFs, only 44 showed a consistent number of positively selected sites. Thus, in 28.4% of the cases, we found that the inference of positively selected sites was also sensitive to the method of alignment. Raising the threshold for flagging sites as under the influence of positive natural selection to 0.95 reduced the number of conflicting ORFs (Fig. 3) ; in 14.8% of the cases, positive-selection inference was sensitive to alignment treatment. However, reducing conflict among alignment treatments comes at the cost of finding fewer sites under positive selection, and in many cases alignment treatments still produce discordant inferences of positive selection.
We hypothesize that the inconsistent inferences of alignments produced by the seven different alignment methods examined here is not necessarily a fault of the alignment procedures, but rather reflects underlying variability in the processes of substitution, insertion, and deletion that makes some ORFs inherently more difficult to align. We examined alignment variability by approximating the marginal posterior probability distribution of the alignment for each ORF, using the program BAli-Phy (16, 17) . BAliPhy implements a stochastic model of insertion and deletion and explores posterior probability distributions of phylogenetic model parameters, such as the tree and branch lengths, as well as the probability distribution of alignment by Markov chain Monte Carlo (MCMC). Quantifying the uncertainty of complex discrete random variables, such as alignments, is a formidable task. We developed a crude summary statistic that reflects variability of the alignments sampled with MCMC for each ORF; we calculated a distance between all pairs of sampled alignments and considered the mean of these pairwise distances as a measure of inherent alignment uncertainty for each ORF. To measure distances between alignments, we exploited the metric of Schwartz et al. (18) . Effectively, this metric counts the number of pairwise homology statements upon which two alignments disagree. We found that alignment variability, as reflected by the marginal posterior probability distribution of alignments, was associated with the inconsistency of alignments produced by the seven different alignment methods (Fig. 2C) and with the number of estimated nonsynonymous substitutions for an ORF (Fig. 2D) .
The problem of alignment uncertainty in genomic studies, identified here, is not a problem of sloppy analysis. Many comparative genomics studies are carefully performed and reasonable in design. However, even carefully designed and carried out analyses can suffer from these types of problems because the methods used in the analysis of the genomic data do not properly accommodate alignment uncertainty in the first place. Moreover, the genes that are of greatest interest to the evolutionary biologist probably suffer disproportionately. For example, in several studies, the genes of greatest interest were the ones that had diverged most in their nonsynonymous rate of substitution (19) . But, these are the very genes that should be the most difficult to align in the first place. We also do not believe that the alignment uncertainty problem is one that can be resolved by simply throwing away genes, or portions of genes, for which alignment differs. Quality checks are common in comparative genomics studies, often referred to as 25 JANUARY 2008 VOL 319 SCIENCE www.sciencemag.org ambiguous alignment regions according to some criterion. Discarding information from alignments is inadvisable for at least two reasons. First, one may end up discarding considerable portions of the primary data, some of which may be informative. In some cases, insertion and deletion events themselves are informative for phylogeny estimation (20) . In other cases, excluding a gapped position leads to excluding substitutions that occur elsewhere in the tree at that site and are informative (21) . Moreover, excluding data does not necessarily result in more concordant inferences. Figure 2E shows results of phylogenetic analyses in which gapped sites were excluded from the alignments. One still finds many genes for which phylogenetic inferences differ among alignment treatments. Second, when an appropriate statistical method of analysis is applied, one may be able to make conclusions even in the face of alignment uncertainty. For example, it might be that the number and identity of positively selected sites differ among alignment treatments. However, when the alignment uncertainty is properly accounted for, one may still be able to pick out some sites that are consistently under positive selection.
The common statistical procedure for accounting for parameter uncertainty is to treat the parameter as a random variable and sum or integrate over the uncertainty, weighting each possible value of the parameter by its prior probability. In a comparative genomics study, we advocate that alignment be treated as a random variable, and inferences of parameters of interest to the genomicist, such as the amount of nonsynonymous divergence or the phylogeny, consider the different possible alignments in proportion to their probability. Considering alignment as a random variable is innate to the statistical alignment pro- cedure advocated by many (22) (23) (24) . Statistical alignment, however, generally assumes that the phylogeny is known, a condition often violated in comparative genomics studies. Moreover, many biologists appear to take the position that when an alignment has been carefully constructed, incorporating uncertainty is unnecessary; in a phylogenetic study, for example, the phylogenetic marker is carefully selected because it is easy to align and has a substitution rate appropriate to the phylogenetic problem of interest (25) , a selectivity that may help, but probably does not solve, the alignment uncertainty problem in many phylogenetic studies, especially those for anciently diverged species. In comparative genomics studies, however, the goal is to analyze all of the genes in the genome. As we have shown here, many of these genes will be difficult to align and result in highly variable evolutionary parameter estimates. Allowing for uncertainty in the alignment and, possibly, phylogeny simultaneously, through statistical phylo-alignment, should be of special importance in comparative genomics studies.
